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Abstract. Ventricles isolated from clams (Mercenaria 
mercenaria) that had been acclimated to 1000 mOsm 
seawater (SW) release amino acids when incubated in 
500 mOsm SW. Taurine, glycine, and alanine account 
for nearly all of the released amino acids, and total about 
37 ^mol/gdrv tissue weight during a 2-h incubation. The 
release of amino acids is increased to 69 /imol/g by the 
addition of 10 6 M 5-hydroxytryptamine (5HT) to the 
hypoosmotic SW, and to 83 ^mol/g by the addition of 
10 6 M FMRFamide to the medium. The potentiation 
of the release by 5HT is blocked by methysergide. The 
amino acid release is increased by two phorbol esters— 
phorbol 12,13-diacetate and phorbol 12-acetate, I3-my- 
ristate—to 97 and 83 ^mol/g, respectively. Forskolin 
and other cyclic 3',5' adenosine monophosphate agonists 
have no effect on the release of amino acids in hypoos¬ 
motic SW. Phorbol esters, 5HT, and FMRFamide have 
no effect on the release of amino acids from ventricles 
incubated in 1000 mOsm SW. Ventricles, first isolated 
from clams acclimated to 1000 mOsm SW, and then 
transferred to 500 mOsm SW, increase in wet weight bv 
20-25%. The increase is maintained for 30 min, and the 
tissues return their original weight in the ensuing 30 min. 
The addition of 5HT, FMRFamide, or phorbol esters to 
the hypoosmotic SW decreases the time necessary' for the 
tissues to return to pre-transfer weights. These results im¬ 
plicate protein kinase C in the responses of bivalve tis¬ 
sues to hypoosmotic media, and suggest that these re- 
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sponses may be modified by neuronal or neurohumoral 
control. 

Introduction 

In osmoconforming marine bivalves, the restoration 
of cellular volume in response to changes in the ambient 
salinity is accomplished by the adjustment of cytoplas¬ 
mic concentrations of ions and amino acids (Gilles, 
1979; Pierce, 1982). The cells of these animals release 
amino acids when exposed to a hypoosmotic medium, 
thereby reducing the osmotic gradient between the me¬ 
dium and the cytoplasm (Pierce and Greenberg, 1972; 
Gainey, 1978; Amende and Pierce, 1980). 

The extirpation of particular ganglia in bivalves has 
been reported to affect the water balance of the ani¬ 
mals (Lubet and Pujol, 1963; Nagabushanam, 1964; 
Durchon, 1967). In both Crassostrea virginica and Myti- 
lus galloprovincialis, putative neurosecretory cells lost 
their granular inclusions when the animals were exposed 
to hypoosmotic media (Lubet and Pujol, 1963; Nagabu¬ 
shanam. 1964). In the opisthobranch^/?/vs/V/ californica, 
the electrical activity of cell R-I5 in the abdominal gan¬ 
glion is depressed by exposure of the whole animal to 
dilute seawater (Bablanian and Treistman. 1983). 
Ninety minutes after homogenates of R-15 were injected 
into an intact A . californica, the animal's wet weight in¬ 
creased by 5% (Kupfermann and Weiss, 1976). The gain 
in weight induced by the homogenate occurred even in 
a 5% hyperosmotic medium, in which the animals would 
be expected to lose water. Hyperpolarization of R-15 in 
intact animals causes large increases in the free amino 
acid content of the blood (Bablanian and Treistman, 
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1985). These observations, while far from conclusive, 
suggest that neurosecretory products might be involved 
in the regulation of osmotic balance in molluscs. 

This paper describes the effects of known molluscan 
neurotransmitters and neurohormones on the hypoos- 
motie volume regulation of isolated ventricles of the 
clam Mcreenaria mercenaria . In addition, the effects of 
cyclic 3'5' adenosine monophosphate (c-AMP) and pro¬ 
tein kinase C agonists on volume regulation have been 
investigated. The neuropeptide FMRFamide, 5-hy- 
droxytryptamine, and phorbol esters, but not c-AMP ag¬ 
onists, potentiate hypoosmotic volume regulation. 

Materials and Methods 

Animals and media 

Mercenaria mercenaria were collected from several lo¬ 
cations in the Intracoastal Waterway in St. Johns 
County, Florida, or obtained from the Marine Biological 
Laboratory, Woods Hole, Massachusetts. The animals 
were maintained, unfed, in either running seawater (SW) 
(940-1000 mOsm), or in aerated aquaria containing nat¬ 
ural SW (1000 mOsm). In all cases, the test media were 
compounded from vacuum-filtered (0.45 ^m) natural 
SW. The 500 mOsm SW was made by dilution of filtered 
SW with deionized water. 

Concentrated solutions of pharmaceuticals were pre¬ 
pared as follows: forskolin was dissolved in ethanol; 
phorbol, phorbol 12,13-diacetate, and phorbol 12-ace¬ 
tate, 13-myristate were dissolved in dimethylformamide; 
all others were dissolved in deionized water. 

The neural substances tested included the molluscan 
neuropeptides phenylalanyl-methionyl-arginyl-phenyl- 
alanylamide (FMRFamide), phenylalanyl-leucinyl-argi- 
nyl-phenylalanylamide (FLRFamide), para-glutamyl- 
aspartyl - phenylalanvl - leuci nyl - arginyl - phenylalanyl - 
amide (pQDFLRFamide), small cardioactive peptide B 
(SCP B k acetylcholine (Ach), and serotonin (5HT). The 
5HT receptor blocker methysergide (UML 491) w 7 as also 
used. These drugs were added to either 1000 mOsm or 
500 mOsm SW to obtain the desired concentration. Sol¬ 
vent carriers other than water were added to 1000 mOsm 
or 500 mOsm SW in the same amounts necessary to 
achieve the desired drug concentrations; such media 
were used to control for the effect of solvent. 

Analysis of the tissue free amino acid pool 

Ventricles were removed from animals that had been 
acclimated to 1000 mOsm SW, and lyophilized. The 
dried tissues were weighed and homogenized in a small 
volume of 80% ethanol (1 ml/5 mg dry tissue). The ho¬ 
mogenates were centrifuged in a microcentrifuge and 20 
jul of the supernatant fluid removed, evaporated to dry¬ 


ness in an oven (60°C), dissolved in 0.02 N HC1, and ana¬ 
lyzed for amino acids with an amino acid analyzer (Hi¬ 
tachi 835, Na + citrate). 

Measurement of release of amino acids 

Ventricles were dissected from clams, placed in a large 
volume of 1000 mOsm filtered SW, and incubated for 
an hour. The ventricles were then placed in 2 ml of either 
1000 mOsm or 500 mOsm SW. Preliminary studies of 
the time course of the release of amino acids from ventri¬ 
cles exposed to 500 mOsm SW showed that the levels of 
amino acid accumulated in the bath became maximal 
within 90-120 min. Consequently, a 2-h incubation 
time was chosen for subsequent experiments. 

At the end of the incubation period, a 500-^1 sample 
of the bath fluid was removed, acidified with 5 g\ of 0.2 
N HC1, and analyzed for amino acid content on an 
amino acid analyzer (Hitachi 835). A protein hydroly¬ 
sate program was used; quantitation was provided by 
analyses of a standard mixture of amino acids (Pierce 
Chemical). Preliminary experiments showed that ala¬ 
nine, glycine, and taurine accounted for over 95% of the 
total amino acid release; the analysis program was there¬ 
fore truncated to analyze only those amino acids eluting 
before cysteine. The amino acid levels are reported in 
this paper as the sum of alanine, glycine, and taurine, 
and are reported as ^mol/g dry weight. In experiments 
involving the phorbol esters and the c-AMP agonists, the 
tissues were incubated in 1000 mOsm SW containing the 
desired concentration of the agent for 30 min, and were 
then transferred either to 1000 mOsm or 500 mOsm SW 
containing the same concentration of these agents. 

Measurement of changes in wet weight 

The ventricles were removed from clams and incu¬ 
bated in 1000 mOsm SW for an hour. The ventricles 
were blotted repeatedly on tissue paper until they left no 
bead of water when touched to a glass plate, and then 
weighed on an analytical balance (Sartorius 2463). The 
ventricles were then transferred to test tubes containing 
2 ml of the test medium and weighed at interv als. This 
procedure produced repeatable weights for 3-4 weigh¬ 
ings, but with further blotting and weighing, the tissue 
adhered to the blotting paper and a substantial amount 
(20-30% wet weight) was lost. 

Statistieal treatment of the data 

Changes in wet weight were expressed as percentages 
of the original weight of the ventricle; these values were 
transformed by the arcsin transformation and means 
and standard deviations were computed. Differences in 
the mean changes in weight between control and treated 
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Fable I 


Amino acid content of ventricles from Mercenaria mercenaria 
acclimated to 1000 mOsm seawater 


Amino acid 

Content 

(/imol/g dry weight) 

Taurine 

415.8 ± 11.9 

Aspartic acid 

12.0 ± 4.1 

Glutamic acid 

32.1 ± 5.1 

Glycine 

27.9 ± 5.5 

Alanine 

30.9 ± 6.7 

Arginine 

8.2 ± 0.8 

Others 

8.0 ± 2.5 

Total 

534.4 ± 29.7 


ventricles were assessed by Student’s t test. Student’s t 
test was also used to evaluate differences among the 
means of treatment groups in the dose-response experi¬ 
ments. The data for the release of ammo acids by ventri¬ 
cles were analyzed by a one-way analysis of variance. 
Differences between treatment groups and the appropri¬ 
ate solvent control groups were assessed by a priori F 
tests. 

Results 

The amino acid content of ventricles from Mercenaria 
mercenaria is summarized in Table 1. Taurine, glutamic 
acid, glycine, and alanine make up 95% of the total pool. 
Aspartate and arginine, as well as very small amounts 
(5 ^mol/g or less) of proline, threonine, and serine also 
contribute to the total pool. Traces of the other neutral 
and basic amino acids were detected in some, but not all, 
tissues. 

Taurine, glycine, and alanine account for about 80, 
10, and 5%, respectively, of the total net loss of amino 
acids from isolated Mercenaria ventricles incubated in 
cither 500 mOsm SW or 1000 mOsm SW. The effects 
of molluscan neurotransmitters and neurohormones on 
the release of the three amino acids from ventricles ex¬ 
posed to dilute medium are shown in Figure 1. Ventricles 
incubated in 500 mOsm SW release 37.1 jumol/g in 2 h. 
The addition of 10 6 \/ 5-hydroxytryptamine (5HT) to 
the dilute medium increases the net release of amino 
acids by 87%; the increase is significant (F u35 = 5.7; 
P < 0.05). The molluscan neuropeptides FMRFamide, 
FLRFamide, and pQDFLRFamide, in concentrations of 
10 M significantly increase the release of amino acids 
by I 10% or more, but neither SCP B nor acetylcholine 
have any effect (Fig. 1). The effect of 5HT on the amino 
acid release is blocked by the 5FIT receptor blocker 
methvscrgide (UML); UML alone has no effect on the 
release of amino acids (Fig. 2). 

Dose-response curves for the effects of 5HT and 



Figure I. The effects of molluscan neural products on the release of 
amino acids from Mercenaria ventricles transferred from 1000 mOsm 
seawater to 500 mOsm seawater. Each bar represents the mean of 10- 
ventricles; error bars are 1 SD. Treatments: Cont = controls; 5HT 
5-hydroxylryptamine; FMRF - FMRFamide; FLRF = FLRFamide; 
pQD pQDFLRFamide; SCP - SCP B ;Ach r acetylcholine. The con¬ 
centration of each agent was 10 6 M Each point is the mean ± SD, n 
9. Asterisks indicate treatments significantly different from controls: 
* P < 0.05; ** P < 0.01; *** = P < 0.001. 


FMRFamide on the release of amino acids by ventricles 
in hypoosmotic seawater arc shown in Figure 3. The 
difference in amino acids released between control ven¬ 
tricles and those exposed to 5HT and FMRFamide are 
significant at concentrations of 10 t0 M (for 5HT, t 
= 5.78, P < 0.001; for FMRFamide, t = 2.57, P < 0.05) 
and above. Concentrations of 5-FIT greater than 10 8 M 
elicit no further significant increase in the release of 
amino acids. The amino acid releases elicited by concen¬ 
trations of FMRFamide from 10 _, ° to 10“ 6 M are not 



F igure 2. The effect of methysergide and 5-hydroxylryptamine on 
the release of amino acids from Mercenaria ventricles transferred from 
1000 mOsm seawater lo 500 mOsm seawater. Each bar represents the 
mean of five ventricles; error bars are 1 SD. Treatments; Coni = con¬ 
trols; 5HT = 5-hydro\ytrypiamine (10 6 M): 5HT + UML = 5-hv- 
dro\ylryptamine( 10 6 3/)andmethysergide(10" 5 A/);UML = methy¬ 
sergide (10 5 M). The asterisks indicate treatments significantly differ¬ 
ent from controls: *** = P< 0.001. 
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Log [Concentration] (M) 

Figure 3. The effects of increasing concentrations of 5-hydroxy- 
tryptamine and FMRFamide on the release of amino acids from Mer- 
ccnaria ventricles transferred from 1000 mOsm seawater to 500 mOsm 
SW. The point at zero on the abscissa represents the release from con¬ 
trol tissues. Open circles = 5HI; solid circles = FMRFamide; Each 
point is a mean (n = 10 for controls, n = 4 for each treatment); the 
error bars indicate 1 SD. 


significantly different, but the difference between tissues 
exposed to 10~ 10 and 10" 5 M is significant (t = 3.22, P 
< 0 . 01 ). 

The effects of several cyclic 3',5'adenosine monophos¬ 
phate (cAMP) agonists on the release of amino acids in 
hypoosmotic seawater are shown in Figure 4. None of 
these agents affect the amino acid release. The cyclic gua- 
nosine monophosphate agonist 8-bromo-cyclic GMP 
also has no effect on the release of amino acids from ven¬ 
tricles in 500 mOsm SW (data not shown). In contrast, 
two phorbol esters potentiate the amino acid release, 
while 4-/3 phorbol has no effect (Fig. 5). The effective es- 



Figure 4. The effects of adenosine 3-'5'cyclic monophosphate ago¬ 
nists on the release of amino acids from Mercenaria ventricles trans¬ 
ferred from 1000 mOsm seawater to 500 mOsm SW. Each bar repre¬ 
sents the mean of 10 ventricles; error bars are 1 SD. Treatments: Coni 
= controls; ETOH = ethanol (0.1%); Forsk = forskolin (10 5 M)\ 
IBMX = 3-isobulyl-l-melhylxanthine (10 3 M)\ 8Br-cAMP = 8-bro- 
mo-adenosine 3-5'cyclic monophosphate(10 3 M). 



Figure 5. The effects of phorbol esters on the release of amino acids 
from Mercenaria ventricles transferred from 1000 mOsm seawater to 
500 mOsm SW. Each bar represents the mean of 10 ventricles; error 
bars are 1 SD. Treatments: DMF = dimethylformamide(0.0l%); Phor- 
bol ^ 4-0-phorbol (1(T 7 M)\ PDA = phorbol 12,13-diacetate (10 7 M)\ 
PM A ~ phorbol 12-acelale, 13-myrislale (10' 7 M). Asterisks indicate 
treatments that are significantly different from controls: * P < 0.05; 
** = P < 0.01: *** = P < 0.001. 

ters, phorbol 12.13-diacetate and phorbol 12-acetate, 13- 
myristate, increase the release of amino acids by 140 and 
106%, respectively; the comparisons were made to ven¬ 
tricles incubated in hypoosmotic seawater containing di- 
methylformamide (1.4 m/U). 

The effects of 5HT, selected molluscan neuropeptides, 
and the phorbol esters on the release of amino acids from 
ventricles incubated in isosmotic seawater for 2 h are 
shown in Figure 6. The release of amino acids from ven¬ 
tricles in isosmotic SW is considerably lower than that 
from tissues exposed to hypoosmotic SW. None of the 
molluscan neural products affects the release of amino 
acids from tissues in isosmotic medium. The release of 
amino acids in the presence of phorbol esters and 4-/3 
phorbol is not different from that of ventricles incubated 
in 1000 mOsm SW containing dimethylformamide (1.4 
itl M). The release of amino acids from ventricles incu¬ 
bated in dimethylformamide is significantly higher than 
that of control tissues incubated in 1000 mOsm SW. 

The changes in wet weight experienced by ventricles 
incubated in hypoosmotic seawater containing 5HT, 
FMRFamide, and phorbol esters are shown in Figure 7. 
Ventricles transferred from 1000 mOsm SW to 500 
mOsm SW gained about 20-30% in wet weight within 
10 min; this gain is maintained for 30 min, and then 
gradually decreases to zero over the following 30 min. 
The addition of FMRFamide (10 -6 M) to the bathing 
medium reduces the time required by the tissues to regu¬ 
late volume (Fig. 7a). The changes in wet weight of tis¬ 
sues incubated in media containing FMRFamide are sig¬ 
nificantly lower than those of control tissues at both 30 
(t = 10.1, P < 0.001) and 60 min (t = 5.69, P < 0.001) 
after transfer. 
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Figure 6. The effects of various agents on the release of amino acids 
from Merccnaria ventricles transferred to isosmotic seawater (1000 
mOsm). Each bar represents the mean of five ventricles; error bars are 
1 SD. Treatments: Cont controls: 5H1 5-hydroxytryplamine (10 6 
MY FMRE - FMRFamide (10 M/); pQD pQDFl RFamide (10 6 
MY FLRF = FLRFamide (10 6 A/): DMF - dimelhylformamide (1.4 
m.\/);4d = 4-beta-phorbol (10 7 A/); PDA = phorbol 12,13-diacetate 
(10 7 A/); PM A = phorbol 12-acetate, 13-myristale (10 7 \/). 


The wet weights of ventricles incubated in 500 mOsm 
SW containing 10 6 M 5HT are lower than control tis¬ 
sues at 10, 30, and 60 min (t = 9.72; P < 0.001; t = 10.7, 
P < 0.001; t = 3.17, P < 0.01; respectively) (Figs. 7a, 
b). Ventricles incubated in 500 mOsm SW containing 
forskolin (10 5 \1) gain significantly more weight than 
controls in the first 10 min (t = 63.2, P < 0.001), but 
there is no difierence in wet weight gain 30 and 60 min 
alter transfer (Figs. 7a, b). 

Phorbol 12-acetate, 13-myristate (10 7 M) reduces the 
changes in weight relative to control tissues at 10, 30, and 
60 min (t - 38.3, P < 0.001; t = 17.9, P < 0.001; t = 6.55, 
P < 0.001, respectively) following transfer from 1000 
mOsm SW to 500 mOsm SW (Fig. 7c). Tissues trans¬ 
ferred from 1000 mOsm SW to 500 mOsm SW contain¬ 
ing phorbol 12,13-diacetate show significantly higher (t 
= 124.4, P < 0.001) weight gain than control tissues 10 
min after transfer, and significantly lower (t = 7.83, P 
< 0.001) weight gain 30 min after transfer. There is no 
significant difierence between these tissues and controls 
60 min after transfer (Figs. 7a, c). 

The changes in wet weight of ventricles transferred 
from 1000 mOsm SW to isosmotic SW containing 
FMRFamide, 5HT, and phorbol esters are shown in Fig¬ 
ure 8. There is no significant change in wet weight in con¬ 
trol tissues following transfer, nor did any of the treat¬ 
ments effect significant differences in weight change rela¬ 
tive to control tissues. 

Discussion 

The release of amino acids from Merccnaria cardio- 
myocytes is potentiated by 5HT and by the molluscan 


neuropeptide FMRFamide and its naturally occurring 
analogs. These agents also cause a reduction in the time 
required for ventricles exposed to hypoosmotic media to 





Figure 7. The effects of various agents on the lime course of 
changes in wet weight of Merccnaria ventricles transferred from 1000 
mOsm seawater to 500 mOsm SW. Each point is the mean of 10 ventri¬ 
cles; error bars are 1 SD. Treatments are indicated as follows: 7a—solid 
circles = controls, open circles = FMRFamide (10" b A/); 7b—solid cir¬ 
cles 5-hydroxytryplamine (10 b 3/). open circles = forskolin (10~ 5 
MY 7c—solid circles - phorbol 12,13-diacetate (10 7 A/), open circles 
= phorbol 12-acelaie, 13-mynstale( 10 7 A/). 
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Figure 8. The effects of various agents on the time course of 
changes in wet weight of Mercenaria ventricles transferred to isosmotic 
seawater (1000 mOsm). Each point is the mean of 10 ventricles; error 
bars are 1 SD. Treatments are indicated as follows; 8a—solid circles 
= controls; 8b—solid circles = FMRFamide (10 6 M), open circles 
= 5-hydroxytryplamine (10 6 M)\ 8c—solid circles = phorbol 12,13- 
diacelale (10 7 M), open circles = phorbol 12-acetate, 13-myristale 
(10 7 3/). 


volume regulate. The effect of 5HT on amino acid re¬ 
lease is mediated by 5HT receptors, since this effect is 
blocked by UML. The effective concentrations for the 


potentiation of amino acid release by 5HT and FMRF¬ 
amide are in the nanomolar range; the concentration of 
FMRFamide in the hemolymph of the clam Macrocab 
lista nimbosa is also in this range (Nagle, 1982). 

Both 5HT and FMRFamide stimulate the mechanical 
activity of isolated Mercenaria ventricles (Price and 
Greenberg, 1980); the cardioexcitatory effects and the 
potentiation of the volume regulatory' response in hypo- 
osmotic media might be due to similar intracellular 
mechanisms. However, the release of amino acids from 
ventricles in isosmotic seawater is not affected by either 
5HTor FMRFamide. Thus, the chain of events responsi¬ 
ble for the cardioexcitatory effects cannot be identical to 
that responsible for the increase in the release of amino 
acids and the decrease in the time necessary' for the vol¬ 
ume regulatory response of the tissues. 

Previous studies suggest that stimulation of the me¬ 
chanical activity of Mercenaria ventricles by 5HT and 
FMRFamide involves an increased sequestration of 
Ca " ions by the sarcoplasmic reticulum effected by an 
increase in the intracellular level of c-AMP (Higgins, 
1974; Higgins and Greenberg, 1974; Higgins et aL, 
1978), but the cardioexcitatory effects of 5HT and 
FMRFamide cannot be completely explained by this 
mechanism (Paciotti and Higgins, 1985; Deaton and 
Gray, 1989). The failure of forskolin to affect the release 
of acids suggests that c-AMP is not involved in the poten¬ 
tiation of this process by 5HT and FMRFamide. 

Phorbol esters stimulate protein kinase C, which is 
also stimulated by diacylglycerol, one component of the 
phosphoinositol cellular signal transduction system (Ni- 
shizuka, 1984; Berridge, 1986). Phorbol esters potentiate 
the volume regulatory response and increase the release 
of amino acids of ventricles exposed to dilute media. The 
phorbol esters only effect increases in the release of 
amino acids from tissues exposed to hypoosmotic media. 
The biologically inert compound, 4-/3 phorbol, also has 
no effect on amino acid release. The regulatory volume 
decrease of red blood cells from the clam Noetia ponder- 
osa is potentiated by PM A, which appears to aff ect cy¬ 
toplasmic K + levels (Pierce et aL, 1989). Phorbol esters 
also potentiate the release of amino acids from elasmo- 
branch erythrocytes incubated in hypoosmotic media 
(Leite and Goldstein, 1987), and mimic the effect of os¬ 
motic shrinking on the ion exchangers responsible for 
adjustment to hyperosmotic stress by cultured lympho¬ 
cytes (Grinstein et aL, 1986). There is, however, no in¬ 
crease in the 1 P^ levels in skate red blood cells exposed 
to hypoosmotic medium (McConnell and Goldstein, 
1988). These results suggest that protein kinase C is in¬ 
volved in volume regulation; but the role, if any, of IP 3 , 
is not clear. 

Incubation of ventricles from the mussel Geukensia 
demissa in isosmotic medium containing 0.54 m M KC1, 
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which depolarizes the cells by about 60 mV (Wilkens, 

1972) , increases the release of amino acids from 15 to 
21 pmo\/g dry wt (Pierce and Greenberg, 1976). These 
observations raise the possibility that the effects of 5-HT, 
FMRFamide, and phorbol esters on the release of amino 
acids might be due simply to depolarization of the cells. 
This seems unlikely for two reasons. First, there was no 
increase in the amino acid release from ventricles treated 
with 5-HT, FMRFamide, or phorbol esters in isosmotie 
seawater. Second, large doses (10 6 AI) of 5-HT have lit¬ 
tle effect on the membrane potential of either G demissa 
or Mvtihts cclulis cardiac muscle cells (Irisawa et aL, 

1973) . However, the effects of FMRFamide and 5-HT 
on the membrane potential of Mercenaria cardiomyo- 
cytes are unknown. 

In summary, the regulatory volume decrease (RVD) 
of Mercenaria ventricular cells exposed to hypoosmolic 
media may be mediated by the activation of protein ki¬ 
nase C. The potentiation of the RVD and loss of free 
amino acids from isolated ventricles by 5-HT and 
FMRFamide raises the possibility that the response of 
bivalve tissues to hypoosmolic stress may be modulated 
by neuronal or neurohormonal control. 

Acknowledgments 

I thank D. A. Price for assistance with the amino acid 
analyses and K. H. Hasenslein for help with the figures. 
This w ork was supported by funds from the National Sci¬ 
ence Foundation: PCM 8309314 to M. J. Greenberg and 
L.E.D. and DCB 8912876 to L.E.D. 

Literature Cited 

Amende, L. M., and S. k. Pierce. 1980. Cellular volume regulation 
in salinity stressed molluscs: the response of Noetia ponderosa (Ar- 
cidae) red blood cells to osmotic variation. J Comp Physiol. 158: 
283-289. 

Bablanian, G. M„ and S. N. Ireistman. 1985. Sea water osmolarity 
affects bursting pacemaker activity in intact \ ply si a californiea. 
Brain Res 271: 542-345. 

Bablanian, G. M., and S. N. Trcistnian. 1985. The effect of hyperpo¬ 
larization of cell RI5 on the hemolymph composition of intact 
Aplysia. J Comp. Physiol. B 155: 297-303. 

Berridge, M. J. 1986. Cell signalling through phospholipid metabo¬ 
lism./ CellSci. Stippl. 4: 137-153. 

Deaton, L. E., and K. R. Gray. 1989. Excitation of the clam heart by 
phorbol esters. Comp. Biochcm. Physiol, (in press). 

Durehon, M. 1967. / 'Endocrenologie lies lers el lies Mollusques. 

Masson et Cie. Pans. 241 pp. 

Gainey, L. F. 1978. The response of the Corbiculidae (Mollusca: Bi- 
valvia) to osmotic stress: the cellular response. Physiol. Zool. 51: 
79-91. 

Gilles, R. 1979. Intracellular orgainic osmotic effectors. Pp. 111-153 
in Mechanisms of Osmoregulation m Animals, R. Gilles, ed. Wiley 
Interscience, New York. 


Grinstein, S., J. D. Goetz-Smith, I). Stewart, B. J. Beresford, and A. 
Mellors. 1986. Protein phosphorylation during activation of 
Na + /H + exchange by phorbol esters and by osmotic shrinking. J 
Biol. Chem 261:8009-8016. 

Higgins, W. J. 1974. Intracellular actions of 5-hydroxytryptamine on 
the bivalve myocardium. 1. Adenylate and guanylate cyclase. J 
Exp Zool 190:99-110. 

Higgins, W . J., and M. J. Greenberg. 1974. Intracellular actions of 
5-hydroxytryptamine on the bivalve myocardium. II Cyclic nucle¬ 
otide dependent protein kinases and microsomal calcium uptake. 
J Exp. Zool 190:305-316. 

Higgins, W.J., D. A. Price, and M. J. Greenberg. 1978. FMRFamide 
increases the adenylate cyclase activity and cyclic AMP level of mol- 
luscan heart. Ear J Pharmacol. 48: 425-430. 

Irisawa, IF, L. \. Wilkens, and M. J. Greenberg. 1975. Increase in 
membrane conductance by 5-hydroxytryptamine and acetylcho¬ 
line on the hearts of Modiolus demissus demissus and Mytilus 
ednlis (Mytilidae, Bivalvia). Comp Biochcm Physiol 45A: 653— 
666 . 

Kupferniann, I., and K R. Weiss. 1976. Water regulation by a pre¬ 
sumptive hormone contained in identified neurosecretory' cell R- 
15 of Aplysia J Gen Physiol 67: 113-123. 

Leite, M. V., and E. Goldstein. 1987. Ca 2+ ionophore and phorbol 
ester stimulate taunne el flux from skate erythrocytes. J Exp Zool 
242:95-97. 

Euhet, P., and P. J. Pujol. 1963. Sur revolution du system neurose- 
creucr de Mytilus galloprovmcialis Lmk. (Mollusquc Lamelli- 
branche) lors de variations de la safinitie. C. R Seunc. Soc Biol 
Paris 257:4032-4034. 

McConnell, F. M., and L. Goldstein. 1988. Intracellular signals and 
volume regulatory response in skate erythrocytes. Am. J. Physiol 
255: R982-R987. 

Naguhiishanam, R. 1964. Neurosecretory changes in the nervous sys¬ 
tem of the oyster, Crassostrea virguuca. induced by various experi¬ 
mental conditions. Indian J. Exp. Biol. 2: 1-4. 

Nagle, G. 1 1982. The molluscan neuropeptide FMRFamide: calci¬ 
um-dependent release and blood levels in Alacrocallista (Bivalvia). 
Life Sci 30: 803-807. 

Nishi/uka, V. 1984. The role of protein kinase C in cell surface signal 
transduction and tumor promotion. Nature308: 693-697. 

Paciotti, G. F., and W. J. Higgins. 1985. Potential of the 5-hydroxy- 
tryptamine-induced increases in myocardial contractility in Mer¬ 
cenaria mercenaria ventricle by forskolin. Comp Biochcm Physiol 
80C: 325-329. 

Pierce, S. K 1982. Invertebrate cell volume control mechanisms: a 
coordinated use of intracellular amino acids and inorganic ions as 
osmotic solute. Biol. Bull. 163:405-419. 

Pierce, S. k., and M. J. Greenberg. 1972. The nature of cellular vol¬ 
ume regulation in marine bivalves. J Exp. Biol. 57: 681-692. 

Pierce, S. k., and M. J. Greenberg. 1976. Hypoosmotic cell volume 
regulation in marine bivalves: effect of membrane potential change 
and metabolic inhibition. Physiol Zool. 49: 417-424. 

Pieree, S. k., A. D. Politis, D. II. Cronkite, E. M. Rowland, and E. II. 
Smith. 1989. Evidence of calmodulin involvement in cell volume 
recovery following hvpo-osmotic stress. Cell Calcium II): 159-169. 

Price, D. \., and M. J. Greenberg. 1980. Pharmacology of the mol¬ 
luscan cardioexcitatory neuropeptide FMRFamide. Gen. Pharma¬ 
col 11:237-241. 

Wilkens, E. A. 1972. Electrophysiological studies on the heart of the 
bivalve mollusc. Modiolus demissus 1. Ionic basis of the membrane 
potential. J. Exp. Biol. 56: 273-291. 


